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Abstract:

Keywords:

The characterization of the most common photosynthetic biofilms in the Nerja Cave by the
continuous monitoring of the in vivo chlorophyll a (Chl a) fluorescence and the incorporation
of the irradiance as a new environmental variable related to previous studies in the cave,
have allowed us to improve our knowledge about the photosynthetic pattern of the biofilms
of the cave. Effective quantum yield (ΔF/Fm′) and relative electron transport rate (rETR)
were determined during periods of the light, whereas the maximal quantum yield (Fv /Fm)
was determined during dark periods. Increases in the photosynthetic yields and productivity
in summer period were found related to the highest values of the environmental variables,
such as relative humidity, air carbon dioxide concentration and air temperature. According
to the irradiance, the studied biofilms had an optimal growth with cave lighting, considered
low in comparison with similar studies, perhaps because they can grow mixotrophically
too. Moreover, when the irradiance increased, both the ΔF/Fm′ and the rETR decreased in
springtime, suggesting photoinhibition of the photosynthetic yield in the biofilms within the
cave, whereas in the summertime, the photosynthetic yield had a positive correlation with the
irradiance, suggesting a decreased of the photoinhibition, possibly due to the increase of the
environmental variables values which provokes an alleviate on the extent of photoinhibition.
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INTRODUCTION
Cyanobacteria and microalgae biofilms can induce
biodeterioration in natural and cultural heritage.
Traditional techniques used to control photosynthetic
biofilms damage in subterranean environments have
been based on physical, mechanical, and chemical
methods but most of them are considered risk factors
for the conservation of the subterranean heritage
(Mulec, 2009; Baquedano et al., 2019). Therefore,
friendly environmental alternatives for combating the
development of these biofilms are currently evolving
towards the use of UV-C radiation (Borderie et al.,
*yolanda@cuevadenerja.es

2015; Pfendler et al., 2018), hydrogen peroxide
solution (Faimon et al., 2003; Trinh et al., 2003;
Baquedano et al., 2019) or lighting sources that
reduce photosynthetic activity (Roldán et al., 2006;
Hsieh et al., 2013; Álvarez-Gómez et al., 2015).
However, photoautotrophic biofilms can survive in
hostile environments such as the caves, frequently
characterized by low lighting and desiccation periods
(Potts, 1999; Luttge et al., 2009; Behrendt et al.,
2020). In fact, among different biological members,
cyanobacteria and microalgae have been highly
adaptive throughout many eons and can grow
autotrophically, heterotrophically or mixotrophically.
The author’s rights are protected under a Creative Commons AttributionNonCommercial 4.0 International (CC BY-NC 4.0) license.
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Based on this, information about their biodiversity,
ecology, physiology, structural organization and
relationship with substrates is essential to control
and prevent their growth and the biodeterioration
(Albertano & Urzì 1999; Del Rosal et al., 2018b).
The Nerja Cave, in the southern of Iberian Peninsula
(36º45’43”N 3º50’41”W, Spain), has been declared
an Asset of Cultural Interest in the category of
Archaeological Sites and an internationally recognized
Heritage Site of Geological Relevance. The cave
preserves a chrono-cultural and paleoenvironmental
sequence from, at least, 25,000 to 3,600 years before
the present and more than three hundred catalogued
rock art paintings, belonging to the Upper Palaeolithic
and Late Prehistory (Jordá-Pardo, 1986; Sanchidrián,
1994). The cave is also inhabited by several endemic
species and has exceptional geological formations,
constituting the natural heritage of the Nerja Cave
(Del Rosal et al., 2014b). This natural and cultural
monument is one of the most important tourist caves
in Spain, with about 450,000 visitors annually. The
monthly visitor numbers are largely consistent from
year to year, with the minimum in winter and the
maximum in summer (Carrasco et al., 2002). The cave
has a surface area of 35,000 m2 and a volume of about
300,000 m3 but only a third of the cave, the so-called
Tourist Galleries, have been adapted for visitors.
The Nerja Cave is equipped with a complete network of
environmental monitoring stations that automatically
record air temperature, relative humidity, and CO2
and 222Rn gas concentration in the air, amongst other
parameters (Carrasco et al., 2002; Liñán & Del Rosal,
2015). In the Tourist Galleries the air temperature
ranges between 13–20ºC (average of 19ºC), the relative
humidity between 35–100% (average of 83%) and the
CO2 between 360–1552 ppm (average of 717 ppm) all
of them with the highest values in the summer and
the lowest in the winter (Liñán et al., 2018).
The tourist lighting system has favoured the
development of photosynthetic microorganisms
organized in biofilms in the cave, which colonise walls
and speleothems and appears as green patinas around
lighted substrate (Del Rosal et al., 2014). The most
abundant biofilms grow on dry speleothems and are
mostly formed by the cyanobacteria Chroococcidiopsis
sp. and the red microalga Cyanidium sp., both with
sheaths, especially large in the cyanobacteria (Del
Rosal et al., 2018b). Jurado et al., (2018) established
a 90% similarity at the molecular level between the
Chroococcidiopsis sp. present in the Nerja Cave and
a halotolerant strain of the genus Halothece (GarciaPichel et al., 1998). Similarly, Cyanidium sp. in the
Nerja Cave was found to be related to C. chilense
Schwabe (Ciniglia et al., 2019) and was shown to
have established 94.6, 95.2, and 92% molecular
similarity with the Cyanidium of Monte Rotaro Cave
(Italy) (Ciniglia et al., 2004), Atacama Desert (Chile)
(Azúa-Bustos et al., 2009), and Sybil Cave (Italy)
inhabitants, respectively, whilst the similarity with
the extremophile C. caldarium (Tilden) Geitler was
only 48.8% (Jurado et al., 2018).
Photosynthetically active radiation (PAR) is one of
the most important limiting factors for photosynthetic

biofilms, although it is not the only one (Gómez-Bolea
et al., 2014). Thus, light is directly related to the
physiology of the microorganisms of caves (Roldán et
al., 2006; Figueroa et al., 2017) presented a pioneer
research on photosynthesis in the Nerja Cave by
using in vivo Chl a fluorescence. They concluded
that fluorometers are useful tools to measure both
photosynthetic yields and relative electron transport
as non-intrusive procedure and established a
preliminary relationship between environmental
changes and the physiological status of the biofilms.
However, their research was only carried out for
several hours a day on different days.
The aim of this study is to increase our knowledge
about the photosynthetic activity of biofilms in the
Nerja Cave, by measuring of the effective quantum
yields (ΔF/Fm′), maximal quantum yield (Fv/Fm) and
relative electron transport rate (rETR) over completed
days, and stablish the relationship with the natural
levels of CO2, temperature, and relative humidity of
the air and with the irradiance of the lamps, in this
case, controlled by humans. The obtained information
is useful in the design of strategies to control the
biofilms growth and, therefore, in the adequate
conservation of the natural and cultural heritage of
the Nerja Cave.

MATERIAL AND METHODS
Study site and biofilms description
In this study, we selected two photosynthetic
biofilms (Ne8 and Ne16) located in the inner section
of the Tourist Galleries in the Nerja Cave, just a
few metres apart and, therefore, affected by similar
environmental factors (Liñán & Del Rosal, 2016;
Liñán et al., 2018).
Both biofilms were bluish green, powdery and
embedded into the dry substrate of the rock surface.
Taxonomic studies identified biofilm Ne8 as mainly
consisting of the cyanobacteria Chroococcidiopsis
sp. (Del Rosal et al., 2018b) whilst in Ne16 the red
microalga Cyanidium sp. was the most abundant (Del
Rosal et al., 2015) (Fig. 1).
Bio-optical characteristics of the biofilms
To know the light absorption of the studied biofilms,
in vivo transmittance (Tλ) spectra in the PAR of the
spectrum (λ = 400–700 nm) tests were conducted in
the laboratory on removed biofilms (area of 1.5 cm2).
Spectral absorptance (Aλ) was determined as: Aλ = 1 −
Tλ − Rλ, being Tλ = Tλb : Tλ0, the ratio of the transmittance
of the biofilms (Tλb) and the transmittance of the Petri
dishes without biofilms (Tλ0). Spectral reflectance (Rλ)
was not considered.
The biofilms were transported in a cooled box and
carefully placed in Petri dishes and illuminated by
a solar simulator with a xenon lamp using dichroic
filters to simulate the solar spectrum (Termo-Oriel,
model 66.902). Tλb was determined by placing the
sensor of the multidiode spectroradiometer Sphere
Optics (model SMS 500) below the Petri dishes. To
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test the dependence on humidity, samples were also
moistened with a few drops of water.
The absorption spectrum generated with the solar
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simulator does not generate spectral artefacts in the
UV region and can be used to confirm the presence of
accessory pigments absorbing in the UV region.

Fig. 1. Macroscopic image of biofilms Ne8 (A) and Ne16 (B). Confocal Laser Scanning Microscopy images with Chroococcidiopsis sp.
(C) and Cyanidium sp. (D). Maximum intensity projection of the natural auto-fluorescence of pigments (red) and mucilaginous sheaths
(green) and inorganic substrate reflection (white) (from Del Rosal et al., 2018b).

Nerja Cave lighting system

Physico-chemical environmental variables

The studied biofilms were illuminated by white
low-pressure lamps (model Roblan ES27, 18W with
a colour temperature of 4,845 K and 1,030 lm), the
same as used for the tourist lighting, and they stayed
on for 8 hours approximately, depending on the
development of activities inside the cave that need
electric light (tourism, research or conservation).
About these activities, they have different timings
and, therefore, the period of darkness varies
depending on the day. Each biofilm was lit by one
lamp and no interference from other lamps was
allowed. The spectral irradiance from 280 to 700 nm
of the lamps was determined by using a multidiode
spectroradiometer (Sphere Optics model SMS 500).
The incident irradiance (EPAR) of photosynthetic
active radiation (PAR, λ=400–700 nm) was measured
using a spherical quantum PAR sensor (US-SQS/L,
Walz GmbH) connected to a radiometer (Licor
250A). In order to evaluate the effect of the in situ
irradiance produced by low pressure lamps and not
by the actinic light provided by saturation pulses
of the PAM fluorometer, different sampling sites
were selected along a EPAR gradient in both biofilms,
named: “low”, “medium” and “high” (1, 6 and 10
μmol m−2 s−1, respectively) for Ne8 and “high” and
“very high” (10 and 20 μmol m−2 s−1, respectively) for
Ne16, where “high” and “very high” were the shortest
distances between the biofilms and the lamps.
These measurement areas were conditioned by the
morphology of the surface where the biofilms grow,
therefore, only one common area was measured in
both biofilms, the so-called “high” (10 μmol m−2 s−1).

The temperature, relative humidity and CO2 concentration
in the air were determined using a monitoring station
located near the study sites consisting of data-loggers
CR1000 (Campbell Scientific) with special sensors selected
for the range of measurements expected (Fig. 2). The
CO2 was measured using an infrared absorption sensor
model GMM222-Vaisala (measuring range 0–5000 ppmv,
accuracy ± 1.5%). Temperature and relative humidity
were measured by the probe model HMP155A-Vaisala
(measuring range 0–100% RH, accuracy ± 1.0%, measuring
range −80 to +60°C, accuracy ± 0.17°C). The environmental
parameters were measured every 15 minutes, at the same
time we measured the Chl a fluorescence.
In vivo Chl a fluorescence – physiological variables
Effective quantum yield (ΔF/Fm′) and maximal
quantum yield (Fv/Fm) were determined in situ using a
PAM fluorometer, Diving–PAM (Walz GmbH, Effeltrich,
Germany) equipped with a red light as the measuring
light and a halogen light as the actinic light. The actinic
light and saturation pulses, with an irradiance of >4,000
μmol m−2 s−1, were provided by a halogen lamp. The
optical fibre used in this study has a length of 100 cm
and a diameter of 5.5 mm. The optical fibre was placed
around 1–2 mm away from the biofilm and care was
taken to not shade the study site with the fibre. In each
sampling site, measurements were also determined every
15 minutes, during both light (ΔF/Fm′) and dark periods
(Fv /Fm), when the cave was open and closed to the public,
respectively, during 24 hours a day for three days and in
two seasons, spring and summer.
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Fig. 2. Map of Nerja Cave where studied biofilms and monitoring station are located.

The effective quantum yield was calculated by ΔF/
Fm′, where ΔF = Fm′ − Ft and Fm′ was the maximum
fluorescence yield of an illuminated sample whilst Ft
was the instantaneous fluorescence of illuminated
sample measured briefly before the application of a
saturation pulse. The Fm′ values were recorded after
applying the saturating pulses (according to Figueroa
et al., 2017). Maximal quantum yield was calculated
by Fv/Fm, where Fv = Fm − Fo and Fm was the maximal
fluorescence after a saturation pulse during the
dark period and Fo was the basal fluorescence of fully
oxidized reaction centres. Finally, rETR through PSII,
expressed as μmol electrons m−2 s−1, was determined
as rETR = ΔF/Fm′ * EPAR, where EPAR was the incident
irradiance of PAR, expressed in μmol photons m−2 s−1.

using the Spearman correlation. This procedure is
an equivalent ordination to a principal component
analysis (PCA) and calculates the percentage variation
explained by each or the axes in the multidimensional
scale (Anderson et al., 2018).
In order to determine a general variation pattern
between the photosynthetic variables and the abiotic
variables, such as temperature, relative humidity, CO2
and irradiance, a multivariate approach was followed,
using a redundancy analysis (dbRDA). A preliminary
distance based linear models with Akaike information
criterion (AIC) selection criterion was carried out for each
site. The redundancy analysis (dbRDA) and distance based
linear model (DistLM) were made using PERMANOVA+ for
PRIMER6 package (Anderson et al., 2018).

RESULTS

Statistical analyses
PCO is a method to explore and to visualize
similarities or dissimilarities of a data distribution
in a distance matrix. It is a projection of points on
the axis that minimizes the residual variation in
the space of the chosen distance with the aim of
producing a summarized geometric representation of
the similarities between them. The eigen values are
used to measure the amount of variance explained
by the synthetic variables on each axis of the PCO
diagram. A principal coordinate analysis (PCO) was
carried out to detect patterns among photosynthetic
responses throughout the seasonal gradient, which
were compared in both spring and summer, based
on the Euclidean distance using PERMANOVA for
PRIMER6 package. The replicates, in both seasons,
for each measured day were done with the monitoring
of in vivo fluorescence parameters, i.e., Fv/Fm, ΔF/
Fm′ and rETR. Pearson correlation coefficients were
calculated and tested amongst all the dependent
variables. These analyses were performed using the
Sigma Plot 12.0 (SYSTAT software Inc. USA). The
overlay of the vectors onto the PCO was performed

Environmental variables
During the spring, the average daily values of
temperature ranged from 18.6 to 19.3°C, the relative
humidity from 74.6 to 83.4% and the CO2 levels from
570 to 1017 ppm. In the summer, the average daily
values of temperature ranged from 19.4 to 19.9°C,
the relative humidity from 92.4 to 97.1% and the CO2
from 617 to 1472 ppm (Table 1).
The highest values of measured variables in summer
were according with the lowest natural ventilation of
the annual cycle in the Nerja Cave karstic system and
the highest number of visitors (Liñán et al., 2018).
Spectral irradiance of the lighting system
and spectral absorptance of biofilms
The spectral irradiance of the lamps showed
maximal emission in the blue-green wavelength, with
the highest peak around 430 nm and around 540 and
615 nm the second and third peak in decreasing order
(Fig. 3).
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Table 1. Statistical parameter of microclimatic data registered in the Nerja Cave. Legend: max = maximum value,
min = minimum value, avg = average value, sd = standard deviation.
SPRING

Variable

SUMMER

max

min

avg

sd

max

min

avg

sd

Air temperature, T (ºC)

19.3

18.6

19.0

0.1

19.9

19.4

19.6

0.1

Relative humidity, RH (%)

83.4

74.6

79.5

1.7

97.1

92.4

95.6

0.5

Air CO2 (ppm)

1017

570

717.1

88.1

1472

617

1023

179.2

Fig. 3. Emission spectrum of the white low-pressure lamps that illuminate the biofilms.

The in vivo absorption spectra (λ = 280 – 700 nm)
was remarkably similar in both biofilms, with no
significative differences between dry and humid
measurements (Fig. 4). Both spectra showed
overlapping absorption of the pigments in the range
of Chl a (λ max. absorption around 670 nm), the
phycobiliproteins phycocyanin (λ max. absorption =

610 – 625 nm) (Patel et al., 2005) and allophycocyanin
(λ max. absorption = 650 – 660 nm) (Adir, 2005) and
another overlapping peak-shoulder located in the UV
region, at 340 – 360 nm, suggesting the presence of
UV-absorbing pigments as mycosporine-like amino
acids (MAAs) i.e., 310 – 360 nm and scytonemin, i.e.,
370 nm (Dillon et al., 2002).

A

B

Fig. 4. Absorption spectrum of biofilms formed mainly by Chroococcidiopsis sp. (A) and Cyanidium sp. (B), respectively using a solar
simulator in dry and humid conditions.
International Journal of Speleology, 51 (1), 29-42. Tampa, FL (USA) January 2022
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Physiological variables and photosynthetic activity
The photosynthetic activity of biofilms in the Nerja
Cave was represented by ΔF/Fm′, Fv/Fm, and rETR. In Ne8
and Ne16 biofilms, these physiological parameters varied
depending on the season and the irradiance but, in
general, they showed the highest values in summer and
presented oscillations in the quantum yield values with
the temporal patterns such as natural diurnal variations.
ΔF/Fm′ and Fv/Fm averages increased with increased
irradiance in Ne8 except in spring when the
photosynthetic activity decreased at irradiance from
6 to 10 µmol photons m-2 s-1. During the summer, ΔF/

Fm’ in Ne8 decreased rapidly when the lights were on
but some hours later it increased again and continued
throughout the dark period, when the maximum Fv/Fm
was reached. This pattern was not so clear in spring
when, on the other hand, at a time before the lights
came on, a decrease in Fv/Fm was observed at 6 and
10 µmol photons m-2 s-1 (Fig. 5A, B). rETR was also
higher in summer than in spring when the average at
1 µmol photons m-2 s-1 was nearly 0 µmol electrons m-2
s-1. In the same way, during the spring and summer
periods, rETR increased with the irradiance except
from 6 to 10 µmol photons m-2 s-1 in spring, when
rETR decreased (Fig. 5C, D).

Fig. 5. Values of effective (ΔF/Fm’) and maximum (Fv /Fm) quantum yields (A, B), and relative
electron transport rates (rETR) (C, D) at different irradiances in biofilm Ne8 during monitored days
of spring (A,C) and summer (B,D). Legend: shaded: darkness, Avg ± SD: average values and
standard deviation, EPAR: PAR irradiance.

In biofilm Ne16, ΔF/Fm’ and Fv/Fm values showed the
greatest differences between the summer and the spring,
when they were lower. However, their averages were
similar at different irradiances, both in the spring and
summer. Similar average values of ΔF/Fm’ and Fv/Fm can
be related to the low growth irradiance i.e., photosynthetic

yields in low irradiance are close to the maximum
in darkness, under full oxidation of photosynthetic
reaction centres. As in biofilm Ne8, a general decrease
in ΔF/Fm’ was observed after the light was on, but just in
summer. After that, it slightly increased or was constant,
also in darkness (Fv/Fm) to fall again during the next
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light on period (Fig. 6A, B). As far as the rETR was
concerned, it was also lower during the spring, when
the average was close to 0 µmol electrons m-2 s-1 but
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showed a strong increase in summer, with increases in
irradiance, reaching maximum values close to 10 µmol
electrons m-2 s-1 at 20 µmol photons m-2 s-1 (Fig. 6C, D).

Fig. 6. Values of effective (ΔF/Fm’) and maximum (Fv/Fm) quantum yields (A, B), and relative electron
transport rates (rETR) (C, D) at different irradiances in biofilm Ne16 during monitored days of spring
(A, C) and summer (B, D). Legend: shaded: darkness, Avg ± SD: average values and standard
deviation, EPAR: PAR irradiance.

Physiological variable similarity using principal
coordinate analysis
This statistical analysis revealed that, in Ne8 biofilm,
the first axis explained 83.6% of the variation of ΔF/Fm’,
Fv/Fm and rETR. The second axis only explained 11.5%
of the variation. The combination of the first two axes
explained 95.1% of the variation in these variables.
Both dimensions (PCO1 and PCO2) had a relationship
with the seasonal time, but the PCO1 had a negative
correlation with low values for the ΔF/Fm’, Fv/Fm, and
rETR variables for the spring, in contrast, in summer all
variables were higher, and they had a positive correlation
with second dimension or PCO2 in both samples sites (see
Fig. 7A, B). The points on the left side of the first axis

mainly corresponded to the summer samples and they
showed higher values in the physiological variables
than the points on the right, which corresponded to
the spring samples (Fig. 7A). The same pattern was
observed in PCO diagram for Ne16, where the first
axis explained 92.6% of the ΔF/Fm’, Fv/Fm and rETR
variation whilst the second one only explained 5.5%
of the variation. The first two axes explained 98.1%
of the variation in these variables. This biofilm also
showed higher physiological values in the summer
compared to the spring (Fig. 7B). In both the Ne8
and Ne16 biofilms, the small angle between the
vectors indicated a high correlation between all the
physiological variables, in consequence, the seasonal
factor had a very marked effect on these responses.
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Fig. 7. Principal coordinates (PCO diagram) of biofilms Ne8 (A) and Ne16 (B) in the spring (values indicated with a circle) and
summer (values indicated with a square); vectors overlay (Spearman rank correlation) indicates the relationship between the
PCO axes and the monitoring photosynthetic variables; Fv/Fm (maximum quantum yield), ΔF/Fm′ (effective quantum yield) and
rETR (relative electron transport rate).

Physiological and environmental variables.
Distance based redundancy analysis of biofilms
According to the results of the distance based linear
models, which were performed as a preliminary
analysis to redundancy, the best spatial arrangement
of the samples was described by the (DistLM) with the
AIC selection criterion.

In the preliminary DistLM analysis prior for
Ne8 biofilm, the physiological variables and all
the environmental variables studied showed the
best spatial arrangement (R2 = 0.614) whilst for
Ne16, the DistLM analysis showed that just three
categorical environmental variables: air CO2, relative
humidity, and temperature, explained the best spatial
arrangement of the physiological samples (R2 = 0.882).

Fig. 8. Redundancy analysis (dbRDA diagram) of biofilms Ne8 (A) and Ne16 (B) for physiological
variables in relationship to abiotic variables: CO2 (carbon dioxide), T (temperature), RH (relative
humidity) and irradiance, in spring (circle) and summer (square).

The dbRDA in Ne8 ordination explained 57.1% of the
total variance of the physiological data and showed a
season separation based on the abiotic factor response.
Thus, the irradiance categorical factor showed a
significant covariation for the samples in the summer, in
consequence these variables increased with the irradiance
in contrast with spring, when the physiological variables
were better explained by the temperature and CO2 in
the air, and these results showed covariation amongst
all the abiotic variables, explaining the distribution
of the biotic samples (Fig. 8A). In Ne16, the dbRDA
ordination explained 87.5% of the total variance of the
physiological responses and showed a high separation
between seasons. The physiological responses in the
summer period showed a clear increase compared

to the CO2, temperature, and relative humidity, with
a higher correlation in contrast to the spring, when
the physiological response was lower compared to the
abiotic variables (Fig. 8B).

DISCUSSION
The monitoring of the physiological parameters
through the in situ measurements of the
photosynthetic activity of the Nerja Cave biofilms
was previously carried out by Figueroa et al. (2017).
They used the fluorometer Diving PAM (measuring
light: red-light) to monitor the in vivo fluorescence
of the Chl a associated with photosystem II (PSII) to
obtain relevant information about the physiological
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behaviour of the biofilms. Their results allowed us to
know about the dynamics of physiological variables Fv/
Fm, ΔF/Fm’ and rETR. They also reported that increases
in relative humidity, temperature and CO2 in the air in
summer, were highly related to increases in physiological
variables of the biofilms. However, their research was only
carried out for several hours a day on different days. In
this study, longer-term monitoring of in vivo chlorophyll
fluorescence than that by Figueroa et al. (2017) was
conducted and, in addition, the effects of irradiance were
analysed in order to increase the physiological pattern,
i.e. photosynthesis, required to design useful strategies
to control the development of the biofilms.
Despite the analysed biofilms being taxonomically
different, the similarity of their absorption spectra
was noteworthy. Both of them showed maximum
absorption of Chl a and phycobiliproteins, phycocyanin
and allophycocyanin. Phycobiliproteins are watersoluble proteins that are usually covalently bound
with phycobilins which give them distinct absorption
spectra ranging from 460 to 670 nm (MacColl, 1998).
After capturing light energy, phycobiliproteins transfer
this energy to chlorophyll P680 during photosynthesis
(Glazer, 1994). Normally, phycobiliproteins are
found in vivo assembled in huge macromolecular
complexes, which are known as phycobilisomes,
the main light harvesting antenna systems found in
cyanobacteria and red algae, located on the stromal
face of the thylakoid membrane (Watanabe et al.,
2013). Cyanobacteria can sense the wavelength and
energy of the ambient light, process the information
and modulate the phycobilisomes construction
by changing the size, form and phycobiliprotein
composition (Sanfilippo et al., 2019). However, the
presence of phycoerythrin was not observed although
the spectra of the lamps showed a maximum emission
peak around 540 nm, the range maximum absorption
of this phycobiliprotein.
As the absorption spectra generated with the solar
simulator does not generate spectral artefacts in the UV
region, the presence of accessory pigments absorbing
in the UV region is reliable. In this way, UV radiation is
considered a widespread environmental stressor with
a positive influence on scytonemin biosynthesis, as
adaptative strategy to survive in extreme environments
like desserts (Orellana et al., 2020) and on MAAs which
are considered to be photochemically stable molecules
acting as sunscreens against harmful ultraviolet (UV)
radiation. Moreover, MAAs can be quickly synthesized
in response to light, nutrients or temperature
stress (Moisan et al., 2009) whereas scytonemin
is primarily a strategy of photoprotection against
longer wavelengths solar irradiance than that MAAs
(García-Pichel & Castenholz, 2004). Photoinhibition
may favour the presence of MAAs and scytonemin as
long-lasting protectants, but certain environmental
stress, such as desiccation, can enhance synthesis
(Fleming & Castenholz, 2007). Such absorbing
molecules immobilised in EPS provided protection
mainly against UV radiation both by UV-screen and
antioxidant activity (De la Coba et al., 2009; Schenider
et al., 2020; Vega et al., 2020). However, it has been
demonstrated constitutively synthesis of scytonemin
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under low visible light (no UVA), in Chroococcidiopsis
CCMEE246, a cave strain never submitted to solar
radiation (Fleming & Castenholz, 2007). Such strategy
could be being used by the inhabitants Nerja Cave
and protect them against photoinhibition, when other
stress factors on the cave biofilms are preeminent.
Monochromatic narrow-band LEDs lights are
showed as successfully light for touristic cave as
they can be adjusted to wavelength emission. About
the most adequate emission to prevent phototrophs
biofilms growth, we must consider that their process
of photosynthesis is enhanced at wavelength in the
intervals 430-490 nm and 640-690 nm, where Chl
a absorbs, and eliminating all blue light favouring
yellow colours would deprive microorganisms of the
most energetic photons absorbed by Chl a. Moreover,
Roldán et al. (2006) concluded that green light could
prevent the growth of phototrophic organisms except
for those phycoerythrin-containing, which was not
observed in Nerja Cave biofilms as Fig. 4 showed.
Concerning Nerja Cave biofilms, a pioneer study about
photobiological responses of biofilms illuminated
by several light emitted diodes (LEDs) with different
spectral compositions showed differences between
the empirical and theoretical approach, concluding
that blue light is more efficient to prevent the growth
of cyanobacteria in the cave (Muñoz et al., 2021).
Furthermore, according to the theoretical approach,
the first empirical study in Nerja Cave and the
absorption spectra in our study, in order to reduce
the photosynthesis activity in the biofilms of the Nerja
Cave we suggest to study the effect of narrow-band
LED lights with maximum emission peaks around
590 nn (ambar), 540 nm (green) and 480 nm (blue),
respectively. The three different LED lights must be
combined to obtain different white lights which are
safe and esthetical satisfactory for visitors.
According to environmental research, continuous
monitoring has shown that the photosynthetic
activity in the Ne8 and Ne16 biofilms was very low
during spring, but they increased in summer, as
observed by Figueroa et al. (2017). Thus, although
the cave environment can be considered inadequate
for the survival of photosynthetic microorganisms
during spring, they were able to survive. This result
was also in accordance with Del Rosal et al. (2018a)
who reported increases in the surface covered by
biofilms in the summer period and related them
with seasonal photosynthetic patterns. They also
identified that water was key environmental factor
in the growth of photosynthetic biofilms in the cave
as they were mainly composed of microorganisms
with mucilaginous sheaths (EPS), which protects
them from unfavourable environmental conditions
(Flemming et al., 2007; Rossi & De Philippis, 2015).
Thus, the sheaths play a fundamental role during the
adhesion of microorganisms to the substrate as well
as during the driest periods, since they act as a water
reservoir (Macedo et al., 2009; Keshari Adhikary 2013).
Potts (2001), Alpert (2006) and Ramírez et al. (2011)
showed that the microorganisms are able to dehydrate
without dying withstanding moisture fluctuations in
extreme habitats for long periods of time. In summer,
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the high relative humidity in the Nerja Cave allows
the presence of condensation water in the substrate
holes and cracks (Liñán et al., 2021), which allows
the microorganisms to recover quickly. However, the
adhesion processes, together with changes in the
volume of the sheaths due to the described storage
and loss of water, can damage the most superficial
layers of the substrate where the biofilms grow and
favour their biodeterioration
As far as the irradiance is concerned, it is one of
the principal factors affecting the photosynthetic
performance of the organisms (Halldal, 1980) and they
can adapt and acclimatize to different irradiances,
reaching an optimum growth (Nielsen et al., 1962).
According to Lamprinou et al. (2012) and Popović et
al. (2015) caves show a general pattern of diversity of
algae and cyanobacteria forming biofilms in relation
to PAR, but this has not been observed in the Nerja
Cave (Del Rosal et al., 2014b). In our study, the
PAR was the same in each sampling site throughout
the whole monitoring time, as the lights were not
changed throughout the year. The results showed
an optimum activity of the biofilms at low irradiance
(<20 μmol photons m-2 s-1) compared with natural
non-subterranean environment and according to
Mulec (2008) whose results showed that the coccoid
cyanobacteria are better adapted to low light intensity,
compared to other organisms. Nevertheless, the cave
irradiance is low, so this fact is an indicator of the high
adaptability of the microorganisms at low irradiance.
In Ne8 biofilm, increased irradiance showed a slight
decay in quantum yield and rETR in the spring but in
the summer quantum yield remained similar whilst
the rETR increased with the irradiance. In contrast,
in the Ne16 biofilm, photosynthetic yield remained
similar with the increases of irradiances, during both
the spring and summer, although in spring the values
were extremely low. In this biofilm, because of the
morphology of the surface, 10 μmol photons m-2 s-1
was the lowest monitoring irradiance and, at the same
irradiance, the photosynthetic yield reached values closed
to zero during the spring in the Ne8 biofilm. These results
could be related to photoinhibition of both biofilms at
irradiances from 10 μmol photons m-2 s-1 and higher as a
decrease in Fv/Fm and maximum rETR are indicators
of photoinhibition according to Figueroa et al. (2014).
The non-photoinhibition and even the increase of
rETR with the increasing irradiance in summer,
in both biofilms, compared to the spring, can also
be explained by the higher average CO2 content in
summer due to the increase of tourists. The breathing
of tourist, together with other enviromental variable
increases and water availability, which has been linked
to the alleviation of the stress caused by increased
irradiance on photosynthesis in green microalgae, as
García-Gómez et al. (2014) observed a decrease in
reactive oxygen species (ROS) accumulation and DNA
damage. In other microalgae lower photoinhibition
at elevated CO2 levels was also observed, greater
than the current atmospheric CO2 content (Yang &
Gao, 2003; Iñiguez et al., 2017). On the other hand,
the Nerja Cave biofilms showed oscillations in the
quantum yield values with the temporal patterns

such as natural diurnal variations. Interestingly,
despite the artificial irradiation in the light period
being constant, in the summer period a daily pattern
similar to that of microalgae submitted to solar daily
variations was observed, i.e., a decrease of ΔF/Fm’ at
noon, similar to that which has been reported in other
studies under natural daily solar radiation (Figueroa
et al., 2014; Jerez et al., 2016). This pattern could be
related to a circadian rhythm that is maintained in
the biofilms although they have never been exposed
to sun radiation. In addition, in Ne8 biofilm during
spring, a decrease in Fv/Fm was also observed at a
time before the lights came on, probably because the
reaction centres closed before the light stimulation
began, and this may act as a protection mechanism.
The low values of Fv/Fm in cyanobacteria can be
explained by plastoquinone pool being reduced in
the dark and thus Fv/Fm values are not reflecting real
maximum quantum yield in addition to the role of
dark respiration, fluorescence emission spectra from
phycobilisomes and Mehler reaction (Schuurmans et
al., 2015). Lighted biofilms in the Nerja Cave showed
a transient increase of ΔF/Fm’ which have been also
observed in situ measurements in the marine plant
Halophila stipulacea (Forsskål) Ascherson (Runcie et al.,
2009) and in terrestrial plants such as Pinus silvestris
L. (Porcar-Castell et al., 2008). This transient has been
related to osmotic and nutrient incorporation (Figueroa
et al., 2014). The transient values of the ΔF/Fm’ at the
beginning of light period have been reported as an
indication of the activation by light of enzyme activity
i.e Rubisco related to CO2 (Maheshwari et al., 1992) and
nitrogen metabolism through oxide-reduction processes
mediated by ferredoxin/thioredoxin (Foyer et al., 2012).
Diurnal variations of photosynthetic pigments and
nitrogen metabolism have also been reported in other
microorganisms as well as in green macroalgae (LópezFigueroa & Rüdiger, 1991; Figueroa & Viñegla, 2001).
Similarly, the principal component analyses
studies with the PCO diagram showed a high
relationship between the physiological variables
with the environmental variables. The redundancy
analyses showed that the related environmental
variables with the physiology of the biofilms were
CO2, temperature, relative humidity, and irradiance,
in decreasing significance for the Ne8 biofilm,
whilst for Ne16 the irradiance had no effect on the
photosynthetic pattern of this biofilm, probably due
to the higher measurement irradiance of this biofilm
and the photoinhibition effect noted above. Therefore,
although irradiance is a key factor in photosynthesis,
it has proved to be the least significant variable
compared to the other natural variables due to the
biofilms in the Nerja Cave being highly adapted
to low irradiance, among other aspects, probably
through the development of heterotrophy metabolism
as Hauer et al. (2015) described in very deep caves.
However, as the lighting system can be managed, light
quality could be an important non-invasive factor for
controlling biodeterioration. Based on this, we plan
to study the effect of narrow-band LED lights with
maximum emission peaks around 590 nn (ambar),
540 nm (green) and 480 nm (blue), as we have
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exposed before. The use of UV-B or UV-C radiation
is another alternative to remove photosynthetic
biofilms in caves, but it may be inefficient since cave
microorganisms may have resistance mechanisms to
extreme environments (Snider et al., 2009).

CONCLUSIONS
The continuous monitoring, over completed days,
of in vivo Chl a fluorescence has allowed to increase
the knowledge about in situ photosynthetic activity
of the biofilms in the Nerja Cave. As Figueroa et al.
(2017) proposed, our results confirmed an increase
in photosynthetic activity in summer, when the
natural values of temperature, relatively humidity
and CO2 in the air were higher, whilst during spring,
the photosynthetic activity was almost non-existent.
Nevertheless, the biofilms could survive probably
due to the presence of EPS which acts as a water
reservoir under winter stress condition. About the
irradiance, the studied biofilms had an optimal
growth in the exceptionally low irradiance in the cave,
possibly because they can growth mixotrophically
too. Moreover, a photoinhibition of the photosynthetic
performance has been suggested when the irradiance
was increased, whereas in the summer period, the
increased environmental variables probably alleviate
the extent of photoinhibition as a supply in the system.
Interestingly, despite the artificial irradiation in the
light period being a constant, a circadian rhythm
pattern could be observed in the photosynthetic
activity, although the biofilms have never exposed
to sun radiation. Thus, although irradiance is a key
factor in photosynthesis, it is not an adequate key
factor to control microorganism growth in the Nerja
Cave where the of narrow-band LED lights with lower
photosynthetic effectiveness can be considered to
control the development of the biofilms.
Finally, the possibility of an increase in the amount
of data available due to the use of a PAM fluorometer
together with the availability of analysis techniques
based on artificial intelligence, could be used as an
efficient tool to understand, explain, and resolve
problems related to the research of lighting inside
the cave, to prevent biodeterioration processes and
contribute to the conservation of the subterranean
heritage without compromising the visual quality and
the safety of visitors.

ACKNOWLEDGMENTS
This work is part of the Interdisciplinary Research
Project of the Nerja Cave, applied to cave conservation.
The project is financed by the Cueva de Nerja Public
Services Foundation and authorized by the Ministry
of Culture of the Andalusian Government. This study
is also a contribution to the Research Group FYBOA
(RNM-295) of the Junta de Andalucía.
Authorship statement: YDR and FLF designed and
directed the study, YDR., JMF, PSMCP, MHM, FAG,
SM, and FLF investigated and analysed the data. YDR
wrote the paper with input from all authors.

39

REFERENCES
Adir, N., 2005. Elucidation of the molecular structures
of components of the phycobilisome: reconstructing a
giant. Photosynthesis Research, 85(1), 15–32.
https://doi.org/10.1007/s11120-004-2143-y
Albertano, P., Urzì, C., 1999. Structural interactions
among epilithic cyanobacteria and heterotrophic
microorganisms in Roman hypogea. Microbial Ecology,
38, 244–252.
https://doi.org/10.1007/s002489900174
Alpert, P., 2006. Constraints of tolerance: Why are
desiccation-tolerant organisms so small or rare?
Journal of Experimental Biology. 209, 1575–1584.
https://doi.org/10.1242/jeb.02179
Álvarez-Gómez, F., González, G., Guzmán, R., Mohamed,
S., Merino, S., Figueroa, F.L., 2015. Utilización de
distintas combinaciones espectrales e intensidades
lumínicas de lámparas LEDs para el estudio de la
actividad fotosintética en algas que pueden producir
biodeterioro del patrimonio cultural. In: Moreno Oliva,
M., Rogerio-Candelera, M.A., López Navarrete, J.T.,
Hernández Jolín, V. (Eds.) Estudio y Conservación
del Patrimonio Cultural. Actas. Red de Ciencia y
Tecnología para la Conservación del Patrimonio
Cultural y Universidad de Málaga, Málaga, p. 179–183.
Anderson, M.J., Gorley, R.N., Clarke, K.R., 2008.
PERMANOVA+ for primer: Guide to software and
statistical methods. PRIMER-E, Plymouth.
Azúa-Bustos, A., González-Silva, C., Mancilla, R.A.,
Salas, L., Palma, R.E., Wynne, J.J., McKay, C.P.,
Vicuña, R., 2009. Ancient photosynthetic Eukaryote
biofilms in an Atacama Desert coastal cave. Microbial
Ecology, 58, 485–496.
https://doi.org/10.1007/s00248-009-9500-5
Baquedano Estévez, C., Moreno Merino, L., de la Losa
Román, A., Durán Valsero, J.J., 2019. The lampenflora
in show caves and its treatment: an emerging ecological
problem. International Journal of Speleology, 48(3),
249-277.
https://doi.org/10.5038/1827-806X.48.3.2263
Behrendt, L., Trampe, E.L., Nord, N.B., Nguyen, J., Kühl,
M., Lonco, D., Nyarko, A., Dhinojwala, A., Hershey,
O.S., Barton, H., 2020. Life in the dark: far-red
absorbing cyanobacteria extend photic zones deep into
terrestrial caves. Environmental Microbiology, 22(3),
952–963. https://doi.org/10.1111/1462-2920.14774
Borderie, F., Alaoui-Sossé, B., Aleya, L., 2015. Heritage
materials and biofouling mitigation through UV-C
irradiation in show caves: state of the art practices
and future challenges. Environmental Science and
Pollution Research, 22(6), 4144–4172.
https://doi.org/10.1007/s11356-014-4001-6
Carrasco, F., Vadillo, I., Liñán, C., Andreo B., Durán,
J.J., 2002. Control of environmental parameters for
management and conservation of Nerja Cave (Malaga,
Spain). Acta Carsologica/Karsoslovni Zb, 31, 105–122.
https://doi.org/10.3986/ac.v31i1.407
Ciniglia, C., Cennamo, P., De Natale, A., De Stefano, M.,
Sirakov, M., Iovinella, M., Yoon, H.S., Pollio, A., 2019.
Cyanidium chilense (Cyanidiophyceae, Rhodophyta)
from tuff rocks of the archeological site of Cuma, Italy.
Phycological Research, 67, 311–319.
https://doi.org/10.1111/pre.12383
Ciniglia, C., Yoon, H.S., Pollio, A., Pinto, G.,
Bhattacharya, D., 2004. Hidden biodiversity of
the extremophilic Cyanidiales red algae. Molecular
Ecology, 13, 1827–1838.
https://doi.org/10.1111/j.1365-294X.2004.02180.x

International Journal of Speleology, 51 (1), 29-42. Tampa, FL (USA) January 2022

40

Del Rosal et al.

De la Coba, F., Aguilera, J., Figueroa, F.L., De Gálvez,
M.V., Herrera, E., 2009. Antioxidant activity of
mycosporine-like amino acids isolated from three red
macroalgae and one marine lichen. Journal of Applied
Phycology, 21, 161–169.
https://doi.org/10.1007/s10811-008-9345-1
Del Rosal, Y., Hernández-Mariné, M.C., MartínezManzanares, E., 2018a. Evolución de los biofilms
fotosintéticos y relación con el medio ambiente de la
Cueva de Nerja. In: Fundación Pública de Servicios
Cueva de Nerja, Análisis, impacto y evolución de
biofilms fotosintéticos en espeleotemas: el caso de
la Cueva de Nerja (Málaga, España). Patronato de la
Cueva de Nerja, p. 79–144.
Del Rosal, Y., Hernández-Mariné, M.C., Roldán, M.,
2018b. Biodiversidad, estructura y fisiología de
los biofilms fotosintéticos en la Cueva de Nerja. In:
Fundación Pública de Servicios Cueva de Nerja.
Análisis, impacto y evolución de biofilms fotosintéticos
en espeleotemas: el caso de la Cueva de Nerja (Málaga,
España). Patronato de la Cueva de Nerja, p. 145–228.
Del Rosal, Y., Hernández-Mariné, M., Roldán, M., 2014a.
Photosynthetic microorganisms in the tourist Cave
of Nerja. In: Rogerio-Candelera M.A. (Ed.), Science,
technology and cultural heritage: Proceedings of
the Second International Congress on Science and
Technology for the Conservation of Cultural Heritage.
CRC Press, p. 229–234.
Del Rosal, Y., Liñán, C., Hernández-Mariné, M., 2014b.
The conservation of the Nerja Cave: Preserving
anthropogenic impact in a tourist cave. In: Sáiz-Jiménez,
C. (Ed.), The conservation of subterranean cultural
heritage, International Workshop on Conservation of
Subterranean Cultural Heritage. CRC Press, p. 193–
206. https://doi.org/10.1201/b17570-24
Del Rosal, Y., Jurado, V., Roldán, M., HernándezMariné, M., Sáiz-Jiménez, C., 2015. Cyanidium sp.
colonizadora de cuevas turísticas. In: Moreno, M.,
Rogerio-Candelera, M.A., López, J.T., Jolín, V. (Eds.),
Estudio y Conservación del Patrimonio Cultural. Actas,
Universidad de Málaga, Malaga, p. 170–173.
Dillon, J.G., Tatsumi, C.M., Tandingan, P.G., Castenholz,
R.W., 2002. Effect of environmental factors on the
synthesis of scytonemin, a UV-screening pigment, in
a cyanobacterium (Chroococcidiopsis sp.). Archives of
Microbiology, 177, 322–331.
https://doi.org/10.1007/s00203-001-0395-x
Ducret, A., Müller, S.A., Goldie, K.N., Hefti, A., Sidler,
W.A., Zuber, H., Engel, A., 1998. Reconstitution,
characterisation
and
mass
analysis
of
the
pentacylindrical allophycocyanin core complex from
the cyanobacterium Anabaena sp. PCC 7120. Journal
of Molecular Biology, 1, 278(2), 369-88.
https://doi.org/10.1006/jmbi.1998.1678
Figueroa, F.L., Álvarez-Gómez, F., Del Rosal, Y., Celis-Plá,
P.S.M., González, G., Hernández-Mariné, M., Korbee, N.,
2017. In situ photosynthetic yields of cave phothosyntetic
biofilms using two different Pulse Amplitude Modulated
fluorometers. Algal Research, 22, 104–115.
https://doi.org/10.1016/j.algal.2016.12.012
Figueroa, F.L., Conde-Álvarez, R., Bonomi-Barufi,
J., Celis-Plá, P., Flores, P., Malta, E., Stengel, E.,
Meyerhoff, O., Perez-Ruzafa, A., 2014. Continuous
monitoring of in vivo chlorophyll a fluorescence in
Ulva rigida (Chlorophyta) submitted to different CO2,
nutrient and temperature regimes. Aquatic Biology,
22, 195–212.https://doi.org/10.3354/ab00593
Figueroa, F.L., De Gálvez, M.V., Herrera, E., 2009.
Antioxidant activity of mycosporine-like amino acids

isolated from three red macroalgae and one marine lichen.
Journal of Applied Phycology, 21, 161–169.
https://doi.org/10.1007/s10811-008-9345-1
Figueroa, F.L., Rüdiger, W., 1991. Stimulation of nitrate
net uptake and reduction by red and blue light and
reversion by far-red light in the green alga Ulva rigida.
Journal of Phycology, 27, 389–394.
https://doi.org/10.1111/j.0022-3646.1991.00389.x
Figueroa, F.L., Viñegla, B., 2001. Effects of solar UV
radiation on photosynthesis and enzyme activities
(carbonic anhydrase and nitrate reductase) in marine
macroalgae from southern Spain. Revista Chilena de
Historia Natural, 74, 237–249.
https://doi.org/10.4067/S0716-078X2001000200003
Vega, J., Bonomi-Barufi, J., Gómez-Pinchetti, J.L.,
Figueroa, F.L., 2020. Cyanobacteria and red macroalgae
as potential sources of antioxidants and UV radiationabsorbing Compounds for cosmeceutical applications.
Marine Drugs, 18(12), 659.
https://doi.org/10.3390/md18120659
Fleming, E.D., Castenholz, R.W., 2007. Effects of
periodic desiccation on the synthesis of the UVscreening compound, scytonemin, in cyanobacteria.
Environmental Microbiology, 9(6), 1448-1455.
https://doi.org/10.1111/j.1462-2920.2007.01261.x
Flemming, H.C., Neu, T.R., Wozniak, D.J., 2007. The
EPS matrix: The “House of Biofilm Cells.” Journal of
Bacteriology, 189(22), 7945–7947.
https://doi.org/10.1128/JB.00858-07
Foyer, C.H., Neukermans, J., Queval, G., Noctor, G.,
Harbinson, J., 2012. Photosynthetic control of electron
transport and the regulation of gene expression.
Journal of Experimental Botany, 63, 1637–1661.
https://doi.org/10.1093/jxb/ers013
García-Gómez, C., Gordillo, F.J.L., Palma, A., Lorenzo,
M.R., Segovia, M., 2014. Elevated CO2 alleviates high
PAR and UV stress in the unicellular chlorophyte
Dunaliella tertiolecta. Photochemical & Photobiological
Sciences, 13, 1347–1358.
ttps://doi.org/10.1039/C4PP00044G
Garcia-Pichel, F., Nübel, U., Muyzer, G., 1998. The
phylogeny of unicellular, extremely halotolerant
cyanobacteria. Archives of Microbiology, 169, 469–482.
https://doi.org/10.1007/s002030050599
García-Pichel, F., Castenholz, R.W., 2004. Characterization
and biological implications of scytonemin, a
cyanobacterial sheath pigment. Journal of Phycology,
27(3), 395–409.
https://doi.org/10.1111/j.0022-3646.1991.00395.x
Ghassemian, M., Lutes, J., Tepperman, J.M., Chang,
H.S., Zhu, T., Wang, X., Quail, P.H., Lange, B.M.,
2006. Integrative analysis of transcript and metabolite
profiling data sets to evaluate the regulation of
biochemical pathways during photomorphogenesis.
Archives of Biochemistry and Biophysics, 448, 45–59.
https://doi.org/10.1016/j.abb.2005.11.020
Glazer, A.N., 1994, Phycobiliproteins - a family of
valuable, widely used fluorophores. Journal of Applied
Phycology, 6, 105–112.
https://doi.org/10.1007/BF02186064
Gómez-Bolea, A., Álvaro, I., Llop, E., Sammut, S.,
Hernández-Mariné, M., 2014. Indoors diversity
in phototrophic biofilms at St. Paul’s Catacombs
(Malta). In: Sáiz-Jiménez, C. (Ed.) The conservation
of subterranean cultural heritage. International
Workshop on Conservation of Subterranean Cultural
Heritage. CRC Press, p. 83–88.
https://doi.org/10.1201/b17570-12

International Journal of Speleology, 51 (1), 29-42. Tampa, FL (USA) January 2022

Photosynthetic activity in biofilms
Gower, J.C., 1966. Some distance properties of latent
root and vector methods used in multivariate analysis.
Biometrika, 53(3-4), 325–338.
https://doi.org/10.1093/biomet/53.3-4.325
Halldal, P., 1980. Light and microbial activities. In:
Ellwood, D.C., Latham, M.J., Hedger, J.N., Lynch, J.M.,
Slater, J.H. (Eds.), Contemporary microbial ecology.
Academic Press, London, p. 1–13.
Hauer, T., Mühlsteinová, R., Bohunická, M., Kaštovský,
J., Mareš, J., 2015. Diversity of cyanobacteria on rock
surfaces. Biodiversity and Conservation, 24, 759–779.
https://doi.org/10.1007/s10531-015-0890-z
Hsieh, P., Pedersen, J.Z., Albertano, P., 2013. Generation
of reactive oxygen species upon red light exposure of
cyanobacteria from Roman hypogea. International
Biodeterioration & Biodegradation, 84, 258–265.
https://doi.org/10.1016/j.ibiod.2012.11.007
Iñiguez, C., Heinrich, S., Harms, L., Gordillo, F.J.L., 2017.
Increased temperature and CO2 alleviate photoinhibition
in Desmarestia anceps: from transcriptomics to carbon
utilization. Journal of Experinmental Botany, 68, 3971–
3984. https://doi.org/10.1093/jxb/erx164
Jerez, C.G., Malapascua, J.R., Sergejevová, M., Masojídek,
J., Figueroa, F.L., 2016. Chlorella fusca (Chlorophyta)
grown in thin-layer cascades: Estimation of biomass
productivity by in-vivo chlorophyll a fluorescence
monitoring. Algal Research, 17, 21–30.
https://doi.org/10.1016/j.algal.2016.04.010
Jordá-Pardo, J., 1986. La Prehistoria de la Cueva de
Nerja. Patronato de la Cueva de Nerja, Málaga.
Jurado, V., Del Rosal, Y., Hernández-Mariné, M., 2018.
Biología molecular de los biofilms fotosintéticos de la
Cueva de Nerja. In: Fundación Pública de Servicios
Cueva de Nerja (Ed.) Análisis, impacto y evolución de
los biofilms fotosintéticos en espeleotemas. El caso de
la Cueva de Nerja (Málaga, España). Patronato de la
Cueva de Nerja, p. 229–260.
Keshari, N., Adhikary, S.P., 2013. Characterization of
cyanobacteria isolated from biofilms on stone monuments
at Santiniketan, India. Biofouling, 29(5), 525–536.
https://doi.org/10.1080/08927014.2013.794224
Lamprinou, V., Danielidis, D.B., Economou-Amilli,
A., Pantazidou, A., 2012. Distribution survey of
Cyanobacteria in three Greek caves of Peloponnese.
International Jorurnal of Speleology, 41, 267–272.
https://doi.org/10.5038/1827-806X.41.2.12
Liñán, C., Del Rosal, Y., 2015. Natural ventilation of
karstic caves: New data on the Nerja Cave (Malaga,
S of Spain). In: Andreo, B., Carrasco, F., Durán, J.J.,
Jiménez, P., LaMoreaux, J. (Eds.), Hydrogeological
and environmental investigations in karst systems,
Springer, Heidelberg, p 505–511.
https://doi.org/10.1007/978-3-642-17435-3_57
Liñán, C., Del Rosal, Y., 2016. Procesos de ventilación
natural Cueva de Nerja - Cueva Pintada (Nerja, Málaga).
In: Andreo, B., Durán, J.J. (Eds.), El karst y el hombre: las
cuevas como Patrimonio Mundial. Asociación de Cuevas
Turísticas Españolas, Nerja (Málaga), p. 335–346.
Liñán, C., Del Rosal, Y., Carrasco, F., Vadillo, I.,
Benavente, J., Ojeda, L., 2018. Highlighting the
importance of transitional ventilation regimes in the
management of Mediterranean show caves (NerjaPintada system, southern Spain). Science of Total
Environment, 631, 1268–1278.
https://doi.org/10.1016/j.scitotenv.2018.02.304
Liñán, C., Benavente, J., Del Rosal, Y., Vadillo, I., Ojeda,
L., Carrasco, F., 2021. Condensation water in heritage
touristic caves: isotopic and hydrochemical data and
a new approach for its quantification through image

41

analysis. Hydrological Process, 35, e14083.
https://doi.org/10.1002/hyp.14083
Luttge, U., Budel, B., 2009. Resurrection kinetics of
photosynthesis in desiccation tolerant terrestrial green
algae (Chlorophyta) on tree bark. Plant Biology, 12,
437–444.
https://doi.org/10.1111/j.1438-8677.2009.00249.x
MacColl, R., 1998. Cyanobacterial phycobilisomes.
Journal of Structural Biology, 124(2-3), 311-334.
https://doi.org/10.1006/jsbi.1998.4062
Macedo, M.F., Miller, A.Z., Dionisio, A., Saiz-Jimenez, C.,
2009. Biodiversity of cyanobacteria and green algae on
monuments in the Mediterranean Basin: an overview.
Microbiology, 155, 3476–3490.
https://doi.org/10.1099/mic.0.032508-0
Maheshwari, V., Dwivedi, U., Bhardwaj, R., Mishra,
R., 1992. Mechanism of reductive photoactivation of
enzymes of C4 pathway. Journal of Biosciences, 17(2),
183–192. https://doi.org/10.1007/BF02703504
Moisan, T.A., Goes, J., Neale, P.J., 2009. Mycosporinelike amino acids in phytoplankton: biochemistry,
physiology and optics. In: Kersey, W.T., Munger, S.P.
(Eds.), Marine phytoplankton. Nova Science Publisher,
Hsauppauge, p. 119–143.
Mulec, J., Kosi, G., Vrhovsek, D., 2008. Characterization
of cave aerophytic algal communities and effects of
irradiance levels on production of pigments. Journal of
Cave and Karst Studies, 70(1), 3–12.
Mulec, J., Kosi, G., 2009. Lampenflora algae and methods
of growth control. Journal of Cave and Karst Studies,
71(2), 109–115.
Muñoz-Fernández, J., Del Rosal, Y., Álvarez-Gómez, F.,
Hernández-Mariné, M., Guzmán-Sepúlveda, R., Korbee,
N., Figueroa, F.L., 2021. Selection of LED lighting
systems for the reduction of the biodeterioration of
speleothems induced by photosynthetic biofilms in the
Nerja Cave (Malaga, Spain). Journal of Photochemistry
and Photobiology B: Biology, 217, 112–155.
https://doi.org/10.1016/j.jphotobiol.2021.112155
Nielsen, E.S., Hansen, V.K., Jørgensen, E.G., 1962. The
adaptation to different light intensities in Chlorella
vulgaris and the time dependenee on transfer to a new
light intensity. Physiology of Plants, 15, 505–517.
https://doi.org/10.1111/j.1399-3054.1962.tb08054.x
Orellana, G., Gómez-Silva, B., Urrutia, M., Galetović, A., 2020.
UV-A Irradiation increases scytonemin biosynthesis
in cyanobacteria inhabiting halites at Salar Grande,
Atacama Desert. Microorganisms, 8(11), 1690.
doi:10.3390/microorganisms8111690.
https://doi.org/10.3390/microorganisms8111690
Patel, A., Mishra, S., Pawar, R., Ghosh, P.K., 2005.
Purification and characterization of C-Phycocyanin
from cyanobacterial species of marine and freshwater
habitat. Protein Expression and Purification, 40(2),
248-255.
https://doi.org/10.1016/j.pep.2004.10.028
Pfendler, S., Borderie, F., Bousta, F., Alaoui-Sossea,
L., Alaoui-Sossea, B., Aleya, L., 2018. Comparison
of biocides, allelopathic substances and UV-C as
treatments for biofilm proliferation on heritage
monuments. Journal of Cultural Heritage, 33, 117–124.
https://doi.org/10.1016/j.culher.2018.03.016
Popović, S., Subakov, G., Stupar, M., Unković, N.,
Predojević, D., Jovanović, J., Ljaljević, M., 2015.
Cyanobacteria, algae and microfungi present in biofilm
from Božana Cave (Serbia). International Journal of
Speleology, 44(2), 141-149.
https://doi.org/10.5038/1827-806X.44.2.4
Porcar-Castell, A., Pfündel, E., Korhonen, J.F.J., Juurola,

International Journal of Speleology, 51 (1), 29-42. Tampa, FL (USA) January 2022

42

Del Rosal et al.

E., 2008. A new monitoring PAM fluorometer (MONIPAM) to study the short and long-term acclimation
of photosystem II in field conditions. Photosynthesis
Research, 96, 173–179.
https://doi.org/10.1007/s11120-008-9292-3.
Potts, M., 2001. Desiccation tolerance: A simple process?
Trends Microbiology, 9, 553–559.
https://doi.org/10.1016/S0966-842X(01)02231-4
Ramírez, M., Hernández-Mariné, M., Mateo, P., Berrendero,
E., Roldán, M., 2011. Polyphasic approach and
adaptative strategies of Nostoc cf. commune (Nostocales,
Nostocaceae) growing on Mayan monument. Fottea, 11,
73–86. https://doi.org/10.5507/fot.2011.008
Roldán, M., Oliva, F., Gonzalez del Valle, M.A., SáizJiménez, C., Hernández-Mariné, M., 2006. Does green
light influence the fluorescence properties and structure
of phototrophic biofilms? Applied and Environmental
Microbiology Journal, 72(4), 3026–3031.
https://doi.org/10.1128/AEM.72.4.3026-3031.2006
Robinson, C.K., Wierzchos, J., Black, C., Crits-Christoph,
A., Ma, B., Ravel, J,. Ascaso, C., Artieda,, O., Valea,
S., Roldán, M., Gómez-Silva, B., DiRuggiero, J., 2015.
Microbial diversity and the presence of algae in halite
endolithic communities are correlated to atmospheric
moisture in the hyper-arid zone of the Atacama Desert.
Environmental Microbiology, 17, 299–315.
https://doi.org/10.1111/1462-2920.12364
Rossi, F., De Philippis, R., 2015. Role of cyanobacterial
exopolysaccharides in phototrophic biofilms and in
complex microbial mats. Life, 5, 1218–1238.
https://doi.org/10.3390/life5021218
Runcie, J.W., Paulo, D., Santos, R., Sharon, Y., Beer, S.,
Silva, J., 2009. Photosynthetic responses of Halophila
stipulacea to a light gradient. I. In situ energy
partitioning of non-photochemical quenching. Aquat
Biology, 7: 143–152.
https://doi.org/10.3354/ab00164
Sanchidrián, J.L., 1994. Arte rupestre de la Cueva de
Nerja. In: Fundación Pública de Servicios Cueva de
Nerja (Ed.) Trabajos sobre la Cueva de Nerja, 4, Málaga.
Sanfilippo, J.E., Nguyen, A.A., Garczarek, L., Karty,

J.A., Pokhrel, S., Strnat, J.A., Partensky, F.,
Schluchter, W.M., Kehoe, D.M., 2019. Interplay
between differentially expressed enzymes contributes
to light color acclimation in marine Synechococcus.
Proceedings of the National Academy of Sciences USA
116(13), 6457-6462.
https://doi.org/10.1073/pnas.1810491116
Schuurmans, R.M., Van Alphen, P., Schuurmans, J.M.,
Matthijs, H.C.P., Hellingwerf, K.J., 2015. Comparison
of the photosynthetic yield of cyanobacteria and
green algae: Different methods give different answers.
PLoSONE, 10(9), e0139061.
https://doi.org/10.1371/journal.pone.0139061
Singh, N., Sonani, R., Rastogi, R., Madamwar, D., 2015.
The phycobilisomes: An early requisite for efficient
photosynthesis in cyanobacteria. EXCLI Journal 14,
268-289.
Snider, J.R., Goin, C., Miller, R.V., Boston, P.J., Northup,
D.E., 2009. Ultraviolet radiation sensitivity in cave
bacteria: Evidence of adaptation to the subsurface?
International Journal of Speleology, 38(1), 13-22.
https://doi.org/10.5038/1827-806X.38.1.2
Subashchandrabose, S.R., Ramakrishnan, B., Megharaj,
M., Venkateswarlu, K., Naidu, R., 2013. Mixotrophic
cyanobacteria
and
microalgae
as
distinctive
biological agents for organic pollutant degradation.
Environmental International, 51, 59–72.
https://doi.org/10.1016/j.envint.2012.10.007
Sweeney, B.M., Haxo, F.T., 1961. Persistence of a
photosynthetic rhythm in enucleated Acetabularia.
Science, 134, 1361–1363.
https://doi.org/10.1126/science.134.3487.1361
Watanabe, M., Ikeuchi, M., 2013. Phycobilisome:
architecture of a light-harvesting supercomplex.
Photosynthesis Research, 116(2-3), 265-76.
https://doi.org/10.1007/s11120-013-9905-3
Yang, Y., Gao, K., 2003. Effects of CO2 concentrations on
the freshwater microalgae, Chlamydomonas reinhardtii,
Chlorella pyrenoidosa and Scenedesmus obliquus
(Chlorophyta). Journal of Applied Phycology, 15, 379–
389. https://doi.org/10.1023/A:1026021021774

International Journal of Speleology, 51 (1), 29-42. Tampa, FL (USA) January 2022

